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PREFACE 


To the author's knowledge, there has been no extensive 
compilation of basic information on the capacitor motor; 
therefore, the incentive for this paper has been to com- 
pile as much of this material as time will permit. 

The author hopes that this paper is sufficiently 
inclusive to serve as a broad reference on capacitor 


motors o 


Monterey, California 
June 1952 
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CHAPTER I 
INTRODUCTION 


Some fifty years ago Doctor Steinmetz and his 
associates developed a capacitor motor and secured a 
number of patents on it. Some of these motors were 
actually built and placed in service, but their manufac- 
ture was soon abandoned largely because of the difficulty, 
at that time, of securing capacitors of sufficiently 
reliable construction. 

After this experience, there was a long period in 
which little interest in them was shown except for an 
occasional review which always brought the same answer; 
that is until a cheap and reliable capacitor could be 
found, the capacitor motor would be commercially im- 
practical. 

In the late twenties great strides had been made in 
the manufacture of capacitors. The experience gained in 
their manufacture for the radio industry, as well as for 
power-factor correction, had been largely responsible for 
the improvements made. On the basis of this experience, 
there had been a definite effort made to develop a 
capacitor which would be satisfactory for use with motors, 
and the result was that at that time, the cheap and 


reliable capacitators for which the motor manufacturers 
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had been waiting were available. 

Thus at that time, with the rapid increase which 
had taken place in the number of motors applied to such 
semi-continuous operated domestic loads as household 
refrigerators and oil burners, there had risen a demand 
for fractional horsepower motors of very high quality, 
such motors operating on house lighting circuits as they 
do and running at all times of night and day, had to be 
quiet, have high operating characteristics, low starting 
current to prevent flicker of lights, and no radio inter- 
ference. Of all types of single phase-fractional horse- 
power motors available, the capacitor motor seemed best 
suited for this sort of service. It not only has all of 
the characteristics necessary, but in addition is 
probably the simplest and most reliable of all high 
quality single-phase motors. 


CAPACITATOR MOTOR DEFINED. The following definition of 
capacitor motor, was published by Nema, May 1, 1946; 

"A capacitor motor is a single-phase induction motor 
with a main winding arranged for direct connection to a 
source of power and an auxiliary winding connected in 
series with a capacitor." 

"There are three types of capacitor motors: 

1.) Capacitor-start motor. 


A. Capacitor-start motor is a capacitor motor 
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Fig. 1A - The cepacitor-steart moter 








in which the capacitor phase is in the circuit 
only during the starting period. 

2.) Permanent-split Capacitor motor. 
A permanent-split capacitor motor is a capacitor 
motor having the same value of capacitance for 
both starting and running conditions. 

3.) Two-Value Capacitor Motor. 
A two-value capacitor motor is a capacitor 
motor using different values of effective 
capacitance for the starting and running 


connections." 


The two-value capacitor motor gained great commercial 
importance in the early 1930's for applications requiring 
high locked-rotor torque, such as refrigerators, compressors, 
and stokers. 

Essential Parts of the Two-value Motor. There are 
two major types of two-value capacitor motors: one uses a 
capacitor-transformer unit, and the other uses two ca- 
pacitors. The two types will be discussed in order. 

(a) Motor Using a Capacitor-Transformer Unit. 

A two value motor using a capacitor-transformer 
unit is represented diagrammatically in Figure 1D. 
To all intents and purposes, the windings are 
the same as for the capacitor-start motor, and 


the rotor is of squirrel-cage construction. A 
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Fig. 1¢ - The two-value capacitor motor using two 
capacitors. 
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difference in the starting switch will be noted, 
however, for this motor uses a "transfer switch" 
which is equivalent to a single-pole double-throw 
switch. (The split phase and capacitor-start 
motors use a switch which is equivalent only to 

a single-pole single-throw switch.) By means 

of this transfer switch, a high voltage 
(approximately 600 to 800 volts) is impressed 

for the starting purposes across the capacitor 
element: this voltage is then reduced to approx- 
imately 300 volts for continuous running. This 
change in voltage is effected by changing taps 

on the primary side of the auto transformer and 
corresponds to changing the effective microfarads 


in series with the auxiliary winding. 


(b) Motor Using Two Capacitors. 

A two value capacitor motor using two separate 
capacitors is illustrated diagrammatically in 
Figure 1C. The arrangement of windings and 
switch in this motor is identical with the arrange- 
ment used in the capacitor-start motor illustrated 
in Figure 1A. The difference between these two 
motors is that the two-value motor has a running 
capacitor permanently connected in series with 
the auxiliary; the starting capacitor is paral- 


leled with the running capacitor only during the 
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starting period. The running capacitor is 
usually of the paper-spaced oil filled type, 

rated at 330 volts alternating current, con- 
tinuous operation. Castor oil, mineral oil, 
Dykanol, InerXteen, Insulatum, and Pyranol are 
variously used as impregnating medium. The 
capacities range from 3 to 16 mfd. The electroly- 
tic capacitors for 115 volt 60-cycle motors range 


in size from 5 mfd or less to 300 mfd or more. 


Effect of the Running Capacitor 
It was pointed out in the preceding paragraph that 


the motor of Figure 1C is merely the capacitor start motor 
of Figure 1A with a running capacitor permanently connected 
in the circuit. Considering any given motor, the effect of 
adding this capacitor is to: 
1. Increase the breakdown torque from 5 to 30 percent. 
2. Improve the full-load efficiency and power factor. 
3. Reduce the noise under full load operating con- 
ditions. 


4. Increase the locked rotor torque 5 to 20 percente 


The running capacitor improves performance because the 
rotating field of a single-phase induction motor may be 
considered as comprised of two components pulsating fields, 
a main field and a cross field spaced 90 electrical degrees 
apart and differing in time phase by 90 degrees; the main- 
field component is set up directly by the main winding and 
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the cross field by the rotor. When the auxiliary winding 
is connected across the line in series with a running 
capacitor of the proper value, the current drawn by the 
auxiliary winding leads the current drawn by the main 
winding by approximately 90 degrees. The net result is 
that the auxiliary winding sets up a part or all of the 
cross field, thereby reducing or eliminating the magnetiz- 
ing currents in the rotor and the accompanying copper 
losses. 

AS 1-@ MOTOR AS CAP MOTOR 
32 «re Aighotes G.15r, Zhe Ta 7Ko) 000505 rz oy 9.0505 


33. Slip @ Full Load s 0.0417 s 0.0333 
34 Slip of backward field 2-s 1.958 2s 1.967 
35. sRe 0.711 0.531 
36 (2-s) Ry 1.753 1.753 
37 Amperes @ Full Load AG; Sa 

38 Sec. I* R(f) I* *(35) 10.0 (30) (35) 7.25 
39 Sec. I” R(b) I? (36) 24.6  (32)-(36) 1.52 
40 Main wdg cu loss is Domed. Lue ein® 
41 Aux wdg cu loss Taare 7 
42 Cap unit loss tea Be ese 
43 Core loss+ friction (23) 31.1 = (23) 3161 
44  fTotal losses @ F.L. 89.3 63.3 
45 Output 186.4 186 .4 
46 Output plus losses 27527 249.7 
47 Efficiency by losses 67.6 74.7 
HP 1/4 Volts 110 Cycles 60 Poles 4 
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The effect of the addition of a running capacitor is 
illustrated in the preceding tabulation of a section of 
a test analysis form. 

In short, the effect of the running capacitor is to 
make the motor perform more nearly like a two-phase motor, 
particularly at one value load. It is not possible to 
duplicate two-phase motor performance at all load values 
with a single value of capacitance, however, because a 
different value of capacitance would be required for each 
different load. 

In regards to the future of the capacitor motor, 

Mr. Bewley in 1949 made the following assertion: "The 
capacitor motor is a split-phase machine in which the 
auxiliary winding remains permanently in circuit, and 

the motor is intended to have the running characteristics 
of a two phase motor. Because it can be designed to have 
high starting torque, as well as good running character- 
istics (including leading power-factor), and because its 
speed can be controlled rather easily, this motor seems 
destined to supplant some of the other types of single 


phase motors." 
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CHAPTER II 


THE REVOLVING FIELD THEORY (7) 


In the revolving field theory of single-phase motors 
the pulsating sinusoidal flux produced by the stator 
winding is resolved into two equal sinusoidal waves of 
flux gliding in opposite directions around the periphery 
of the air gap at synchronous speed. The effect upon 
the stator produced by each of these revolving fluxes 
and the induced forward and backward revolving rotor 
fluxes can be represented by a parallel circuit of two 
branches. One branch is the magnetizing reactance and 
the other is composed of the secondary leakage reactance 
in series with the secondary resistance divided by the 
slip. 

The equivalent circuit for a single-phase motor 
having a primary impedance of RyyftjXim and the primary 
winding of which is called the M phase is represented 
in Figure 2A(a). 

In this equivalent circuit the impressed voltage 
equivalent to the voltage induced in phase M by the 
forward revolving field of flux is Eg, and the impressed 
voltage equivalent to the voltage generated by the back- 
ward revolving field of flux is Epa. 

If instead of the M phase there is an S phase dis- 
placed backward in position by 90 degrees, electrical, 
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from the position of the M phase and having a times as 
many turns as the M phase, the single-phase equivalent 
circuit for the S phase is shown in Figure 2A(b). In 
the S equivalent circuit the primary impedance is 
a” Ris ja* X,. and the external series impedance is 
Ret jXee 

If both the M and the S phases exist on the motor 
and are excited simultaneously, their fluxes superimpose 
without distortion and the equivalent circuits are the 
same as before except that in addition to the forward 
and backward voltages self induced in each phase, there 
is a forward and backward voltage due to the fluxes of 
the other phase. Under this condition the equivalent 
circuit becomes as shown in Figure 2B wherein the 
divided circuits have been replaced by series impedances 
of equal value. 

Since the M phase is displaced forward by 90 elec- 
trical degrees from the S phase, the voltage generated 
in the M phase by the Re rard flux must lag by 90 time 
degrees the voltage which the same flux produces in the S 
phase and since the turns on the M phase are to those on 
the S phase as 1 is to a, the magnitude of the M voltage mst 
be 1/a times that of the S phase. From these considerations 


the equation for the impressed voltage equivalent to the 
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voltage produced in the M phase by the S forward flux is: 


Em? -J2E¢. (1) 
By a similar line of reasoning the impressed voltages 
equivalent to the other mutually generated voltages can be 
shown to be the values given on the equivalent circuit. 
The equations for the voltages impressed on each of 


the primary phases are from Figure 2B. 


Em? Im LORiet Ret Ry) t j(Xpoh XpeXs) 


(2) 
-jIs af[(Rg - Ry) + j(Kg - X,)] 


Bg =I, [Ret a®(RegtRetRe) + IXghia® (KF Xzt Xp} 


(3) 
+ jIma[(Re - Ry) + 5(Xg - X4)] 


The simultaneous solution of (2) and (3) gives for 


the currents of an unbalanced two-phase motor: 


Ties Em {f. Pr a(R,,¢ RetR Vt 5 [KF a’(H, 5 PX pt xy Jf 
{Ret a7 (Rist RetRe JH 3[Xet a (Xjgt XstK, 
(4) 
+ it, a [Che - Ry) + 5 (Ky - X,)] 
{{Ryt Ret Binh td [Xpat Xe#Xelf - ar ((Re - RL) 5(Ke - XI] 
E, [Rint Re tR) + 5 (KygtXptX J] - 38,0 [ry -Ry 45% -X,)] 
_ {Rot a®(RatRe Rt j [Ket a (Kist X*X)]f ” 
° {Bint Ret Ry) +5 int Kt XG = a*[(Re - Rut i(k - age 


Since only current and flux waves traveling at the 
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Same speed can act together to produce average torque, 
the average torque in synchronous watts produced by an 
unbalanced two-phase motor is equal to the sum of the 
watts consumed by the forward field in each phase minus 
the sum of the watts consumed by the backwardfield. 

If the current in the M phase be: 
. Im = A+ JB 
and that in the S phase be 
Ig = & +h. 


The equation for the average torque can be shown to be: 
Taye = (Im tat Ig) (Rg - Ry) + 2a(Ah - Bg)(R,+R,). (6) 


In addition to the average torque of Equation (6) 
there is an alternating torque produced through the action 
of the forward flux and backward current and vice-versa. 


The maximum value of the alternating torque is: 


nes f (Ii ba If + 2Ty Ita? cos20) [(Ry - RFE, - x”? 


It will be noticed that the alternating torque ceases 


to exist when Iga is equal to Im and @ is 90 degrees. 


For purposes of analysis it is possible to represent 
either the capacitor or the capacitor transformer unit 
of the two-value capacitor motor by a resistance in series 
with a condensive reactance. If these values be substi- 


tuted for the external impedance R-t jXe in the 
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unbalanced two-phase equations and the voltage Em be 
substituted for E, the unbalanced two-phase equations 
apply directly to a capacitor motor. 

The unbalanced two-phase torque equations are not 
affected by the above substitutions and apply without 
change to a capacitor motor. 


The equation for the net capacitor motor output is: 


PrOr= {bate 1; | (Rs -Ra}t 2Tyls af RytRe] sind} (1-5) - (8) 
Since Ah - Bg= I,mi,ysin® wherein We is the 
watts friction loss. 
The total current I of a capacitor motor is equal 
to the sum of Im and I, and if it be represented as 
follows: 
l= Car jF (9) 
the equation for the input may be written: 
W.I. 2 C Epyt We (10) 
in which W, is the iron loss. 
At standstill the torque Equation (6) becomes 
Tss> 2a(Ah- gB)(Rg + Rg)- (11) 
Tests have been run on a capacitor motor to test 
the current equations of the revolving field theory. It 
was noted that the calculations and tests checked remark- 
ably well. 
The torque and performance characteristics of the 


tested motor under running conditions are given in 
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eee ry 


ae 2.02 pre eae oe 





ey = 2.06 
Fist bo ae 
va =O 





Figure 2C. For purposes of comparison, Figure 2D is in- 
serted to show the calculated performance of the same 
motor with the S phase disconnected and operated as a 


Single phase induction motor. 
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NOMENCLATURE FOR REVOLVING FIELD THEORY 


A = "In phase" component of M phase current 


a = Ratio Fundamental conductors on S phase 


Fundamental conductors on M phase 
a’ Rig = Primary resistance of S phase 


a*X,s5= Primary leakage reactance of S phase 


B = "Reactive" component of M phase current 
C z= "In phase" component of total current 
Em <= Vector voltage impressed on primary of M phase 


Es = Vector voltage impressed on primary of S phase 


F = "Reactive"component of total current 

h = "Reactive" component of 8 phase current 
I = Vector total current 

i = Effective value of total current 

Ts = Vector M phase current 


Im > Effective value of M phase current 


Vector S phase current 


Hie 
ey 
fa 


is = Effective value of S phase current 


g 2 In-phase component of S phase current 
Ria 3 Primary resistance of M phase 
R, * Secondary resistance reduced to M phase 


Re «= External resistance in series with S phase 
Rw =: Apparent resistance to M phase backward field 
Re + Apparent resistance to M phase forward field 


Tavg 7 Average value of developed torque 
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ee 


z Standstill torque 


= Maximum value of alternating torque 


z Watts friction and windage loss 


= Watts fundamental iron loss 

= Total watts input 

2 Net watts output 

= Primary leakage reactance of M phase 

= Secondary leakage reactance reduced to M phase 
= External reactance in series with S phase 

= Apparent reactance to M phase backward field 


Apparent reactance to M phase forward field 


) 


= Magnetizing reactance of M phase 


= Angle by which ig leads Tig 
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CHAPTER III 
CALCULATION sHEET 612) 


The revolving field theory of the capacitor motor 
was presented in the previous chapter giving the com- 
plete equations for caly@lating the performance and 
torque of a capacitor motor at any value of slip. The 
equations are straightforward, but involve vector opera- 
tions and are rather slow for design work. Mr. P. H. 
Trickey developed a calculation sheet for using these 
formulas, where all the operations except the last in 
calculating the currents are performed without vectors. 

- First he rewrote the three fundamental equations 4, 
5, and 6 of the previous chapter using the symbols of 
Table I. 


TABLE I 
New Old 
Symbol Symbol Definition 
K a Tot.effective series conductors in aux. phase 
Tot.effective series conductors in main phase 
Tira a°R,,; Primary resistance of auxiliary phase 
Xia a*X.. Primary leakage reactance of auxiliary phase 
lim Rj Primary resistance of main phase 
ae 2R,. Total seconds resistance referred to primary 
of main phase 
Xp Xin Primary leakage reactance of main phase 
Xe 2X2 Total seconds leakage reactance referred to 
primary of main phase 
ix 2Xm Total magnetizing reactance of main phase 
s 5 Slip in per unit of synchronism 
De Is Auxiliary phase current 
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These equations with the new symbols become 


[Ret va rk'(Ret Re] ti [Xet Fiat K*(X_+Ky)] 
{Ret Vin FA RE+ RE) +f [Ket Kot K*(X¢+Xp) ]t 


# IK [Re -Re) + 3 (Ke-Ko) 
5 CVn tRet Re) 44 Kin tXe +Xp)t -K*((RoRe) +3(K Xe) 


_ Reet Bet By) td ak et HY) -jK[ (Ry -Ry)e 3% -X,)] 


Ere not K* (Bt R +5 [Ket XE HH, (2) 


Lay = &e Ct) 


S(rygh Bet, #4 (xp Xp+X, } -K'[(Rg-Ry) 43 (KH, 
Taye? (Im*K Ig) (Ry - Ry) + 2K(ah- Bg) (Rg+R,). (3) 


Next, the forward and backward impedances were re~ 
written with the new symbols. For the revolving field 
theory, Mr. Morrill showed that 

a . 
— x, R75 
(R/S) # (KerX)" 


This equation with the new notation becomes 


(xX, 2) (r, 2 2)(1 45) 
. +2) (1: ao 
Ce ) Mp fats he) 


Arbitrarily the following definitions are substi- 
tuted into the equation and the numerator and denominator 


are divided by X~?/4. 
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Xo* XFx,, K ee + (Xt X, ). 
By? K,2 X72 Xo - 
Thus 
7 (r, K,)(1+s) 
(Gk) Gisy i’ 
R, becomes the same equation with (2-s) in place of (s). 
Mr. Morrill's reactance term for the forward reactance is 
x, , Zulia 874 Taher Tal] : 
he s)* + (X,# i.) 
This equation rewritten in the new symbols and using 
X, and Kp and dividing the numerator and denominator 
by X,/4 results in 
Xe 2 1x, Kp¢ (rz ie) (rs /E.) (1/8) 
eee Sar ean 
and 
a 
x,K,+(n Ky) (r, /X,)(1/(2-s)) 
b= e 
[(r, /X,)/2-s)]*4 1 
In the equations for I,, and Ig@, there are many 
groups of terms that are the same. Rewriting the equa- 


tions, using as symbols the item numbers of the final 


calculation sheet gives, 


Im2 A+ jB= &,x 
ee (24.)#3(124) 45K (015)4(215)) 
[ 


ee ee ee 


(24)#5(124)J[ (18) +j(118)) -K*((15)+5(115)]* 
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(18) #5 (118)-3K ((15)#5(115)) { 
((24)#j(124)) [(18)+5(118)] -K* [(15)+5 (15) J* 


Simplifying to obtain one real and one quadrature 


term in both numerator and denominator, 


At jB=E.x 


((24)-K(115)] +3 [(124)¢K(15)) 


(24) (18)~(124) (118) -K7(15)** K® (115) "J 
+ §[(18)(124)4(128) (24)-2(K15) (K115)] 


g#jhs- Ex 


[(18)-K(115)J+3 (118)-K(15)] tte 


(24) (18)-(124) (118)-K* (15) %K?(115)"] 
# 5 [(18) (124) 2(118) (24) -2(K15) (K115)] 


Assigning number symbols to the above groups of terms, 
‘ 26) #4(126 
A¢iB=E (26) #5(126) 
PIES Bm (30) ¢ 5 (132) 


and 


seater g 02D) ahi) 20). 
Bt In = Bm (32) 5(132) 


Dividing the numerator and denominator by E,, gives 


the following result 


-, - (26) #4(126) 
oi. ae heed 


and 


. (20) ¥ j(120) | 
o4IhS G3) Hiss 
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These last two equations are the only ones where 
vector operation is necessary. As shown in Figure 3A the 
calculation sheet is laid out so that it is a simple matter 
to get the currents of the motor. 

The torque equation can be calculated without any 
vector operations, which is particularly desirable in 
calculating speed torque curves. 

In order to avoid making the vector operation in- 


volved in obtaining A, B, g, and h of equation (3) let 


N= V (26)%¢ (126) 
Na® ¥ (20) (120)* 


v sv (33)% (133)* 


Also since (Ah-Bg) is the quadrature term obtained 
by multiplying (g+4jh) by the conjugate of, (A#JjB) per- 
forming this operation on both right and left sides of 


the equations gives an expression for (Ah -Bg). 


(A =jB)(g #jh) = (Ag-¢+Bh)# j(Ah- Bg) 


~ £26) = §(126) , (20)+5(120) 
(33) = §(133) = (33) # (133) 


[(26)(20) # (126)(120)] - j [(26) (120) ~ (126) (20) : 


(33) -# (133)” 


Thus 
ah= Be < £26)(120) - (126)(20)_ 
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Vv 
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and 


T= [Cm WF Cte /VI] (Ry ~ Ry) 


+ 2K ces) (120)~(126) (20) (Ry + Ry). 
y* 


Mr. P. H. Trickey used a slightly different method 
of accounting for iron loss than had Mr. Morrill. Mr. 
Morrill's equations neglect iron loss and then correct 
for it by adding it to the friction and windage losses as 
a reduction in output. 

The vector operations of items 35, and 37 give 
fictitious values of current which have been obtained 
while neglecting iron loss entirely. These fictitious 
values are used in calculating the internal torque and 
output. The friction, windage, and odd-frequency iron 
losses are then subtracted to give the useful output. A 
close approximation to the true current is obtained by 
adding to the in-phase component of the main winding 
current a value of in phase current obtained by dividing 
the fundamental-frequency iron loss by the voltage. Thus 


the final main phase current is then 


Ay fundamental EPEGUEREY, iron Lome. ee 


Mr. Trickey has had considerable success in approxi- 
mating the trve conditions with the above reasoning. It 
seemed to agree with test results much closer than by 


adding half to the main phase and half to the auxiliary 
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phase. The auxiliary phase current is g}~jh and the 
line current is the vector sum. 

This method accounting for the iron loss is based 
on the fact that the fundamental frequency iron losses 
are normally supplied by the stator and the odd frequency 
losses of the surfaces and tooth pulsations are supplied 
by the rotating member with a corresponding loss of 
torque. 

In Figures 3A and 3B, the fundamental-frequency iron 
loss is denoted by the symbol "60 Cy Fe" and the odd 
frequency iron loss by the symbol "Hi Cy Fe." F+W is 
used as the symbol for friction and windage. 
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CHAPTER IV 


THE CROSS FIELD THEoRY‘®) 


The main winding of the capacitor motor produces 
reaction similar to the transformer action of the simple 
phase action. That is the alternating current flowing 
through the main w windings will set up a pulsating magnetic 
field. This pulsating field will induce a voltage in the 
secondary winding (rotor) by transformer action, and since 
the secondary winding is short-circuited a current will 
flow. The auxiliary winding will produce a magnetic flux 
that is in space quadrature with the flux of the main 
winding and is generally similar to the speed flux of the 
simple induction motor. The rotor is generally of the 
squirrel-cage type. The reactions of the squirrel-cage 
rotor can be divided into two axes, namely, the X-axis 
and the Y-axis. 

The two speed voltages of the main-winding circuit 
are produced by the X-axis conductors cutting the 
auxiliary-winding mutual flux and the Y-axis rotor leak- 
age flux. Similarly the two speed voltages in the 
auxiliary circuit are due to the Y-axis conductors cutting 
the main-winding mutual flux and the X-axis rotor leakage 
flux. This feature is shown in Figure 4A. 

If the motor is treated as two coupled circuits, it 


would be natural to assume that four voltage equations 
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are necessary to define completely the operation of these 
two circuits. Before stating these equations it is well 
to describe the notation that is used, 

The two windings on the stator are assumed to be in 
space quadrature. The winding having the oil consdenser 
in series is designated as the auxiliary winding and is 
used continuously. The subscript A will be used for 
terms pertaining to this winding contrasted to M for the 
main winding. The rotor bars will be assumed to generate 
speed voltages by cutting both rotor leakage and mutual 
or air gap fluxes (as the rotor turns, its bars cut through 
the main axis flux, generating a voltage by speed action). 

All rotor values are given in main-winding stator 
terms. Usually there are more turns on the auxiliary 
winding than on the main, so that rotor constants in 
auxiliary winding terms would be higher (or at least 


different). The ratio is 


-— effective auxiliary winding turns 


effective main winding turns 


Now in dealing with rotor currents which will be 
operative in the auxiliary axis, they should be multi- 
plied by ‘a’ before combining with other values. Similar- 
ly, any magnetizing reactance reflected to the rotor, 
operative in the auxiliary axis, should be divided by 
‘a’ if it is necessary to combine its effect with main- 


axis terms. This does not hold for the rotor impedance 
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since its values are in main winding terms throughout. 

With these preliminary statements, we can write the 
fundamental equations. 

(a) The voltage applied to the main winding over- 
comes a local stator impedance drop and the counter enf 
built up by the mutual flux of the main axis. 

The counter emf will be the reference vector. It is 
numerically, 

Em= lgn2m (2) 

If the core loss is neglected, Zp~mreduces to jXma, 
where jXm~_2 the magnitizing reactance of the main winding. 

(b) The load will require a current component in the 
main or X-axis which is designated ge - Reflected to the 
stator, this will be Iy , and the total stator current 
of the main winding is the vector sum of this current and 
the "exciting branch current," 

Iu? Ix - I gy (3) 
or 

Tga=la7 Ix (4) 
combining (2) and (4) 

Em 2 (lp, =e oe (5) 

The equation for the condition expressed in item (a) 
is then 

Via Zell Ler ae (6) 

(c) The voltage applied to the auxiliary winding 

overcomes the local stator impedance drép, the reactance 
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or impedance of the condenser and the counter emf built 
up by the mutual flux of the cross or auxiliary axis. 

The counter emf will be, numerically, 

Ea? Ig, Zma (7) 
neglecting the core 1oSS, Zag reduces to jXpy- 
(d) The stator current of the auxiliary winding is 
the resultant of a load component (Izy) reflected by trans- 
former action from the rotor, and an auxiliary-axis magni- 
tizing current similar to that of the main winding but 
usually different in magnitude. 
Taq? ly + Iga (8) 
IZgatla- ly (9) 

Combining equations (7) and (9) 
Baz (Ig - Ty)Zma (10) 

The equation for the condition expressed in itemec 
is then 

Vz ZualIq - Ty) #14 (2,44 Ze) (129) 


If the resistance of the condenser impedance is neglected, 


it becomes 


10 


ee oi Pamicroferads (12) 


(e) In the rotor, the main or X-axis current results 
from two emf's. 
(1) The transformer voltage opposite in phase 
to the stator counter emf, but of the same magnitude 


with the rotor constants in main winding terms, 
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Zell ag - Ty) 

(2) A speed voltage, resulting from the rotor 
bars cutting the cross-axis mutual flux and the rotor 
cross-axis leakage flux. A speed voltage is K time 
as large as the transformer voltage caused by the 
same flux. 

Speed voltage, cross-axis mutual flux; 


To combine with main or X-axis terms 


K Zug 
am 


Zp 
a 








(la = Ty) as (I, = Ty) (14) 


(When the rotor revolves through the air-gap flux, its 

conductors cut the flux lines, generating an emf by speed 

action. Rotation of a conductor through a flux produce 

(K) times the voltage produced by pulsation of that flux; 
where K = actual rotor rpm | 


synchronous rpm 


Speed voltage, leakage flux, in stator terms: 
a (iy X,) ae, 
Combining, and considering that a speed emf 
reaches its maximum at the same time as the flux 
causing it, 
mc 


; J 
Final speed emf. «[3_ Zeer, a Iy) -a ea (16) 


By Kirchoff's law the vector sum of the voltages of 
item el, e2 and the rotor impedance drop caused by the 
main-axis current equals zero. 
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Z ’ 
kl, 1 4x3 “MI -ly)ta TyXa}+1y Z,° 0 (17) 





a 
or 
JZ 
Zeekin -1,)4/K : (Iq -ly)ta 1, X2}- Ty Z30 (18) 
o 


(f) In the auxiliary or Y-axis of the rotor, two 
emf's similar to those of item (e) are present. 
(1) A transformer voltage opposite in phase 
to the cross-axis counter emf, but different in 


magnitude by the ratio of transformation. 


Zama 


az 





y 
(Iq -Iy) aS“(1, -Iy) (19) 


(2) A speed voltage resulting from the rotor 
bars! cutting the main winding mutual and rotor- 
leakage fluxes. From the mutual flux, the emf from 


speed action is 


For the leakage flux, in stator terms 
ei, (21) 


Combining and locating the vector position, 

K [ -3 DREN © a = BLM, (22) 
By Kirchoff's law the vector sum of these voltages 
and the rotor impedance drop of the cross-axis rotor 
current equals zero. 
Aaecy -y)+K J-3 Z yeh lng sale) ~1,%.}4 Tay 22 O (23) 

or 

2 ia & =O 
BIg -Ty)4 KEI Zan(Im Ty) -TyX- ATR % (24) 
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The four fundamental equations are 6, 11, 18, and 
24 involving four currents Tay) Ig, Iy, and ly. They 
must be solved simultaneously. 

These equations are extensions of West's equations 
for the cross-field theory applied to the plain single 
phase induction motor. The terms (I, X,) and (a I,X,) 
in equations 24 and 18, respectively, represent the 
added effect on the speed electromotive forces of cutting 
the rotor leakage fluxes. If these are dropped, the 
fundamental equations reduce to a form which Steinmetz's 
single-phase motor equations would yield. 

By substitution, the stator components of the rotor 
currents, I,, and ly: can be eliminated in these four 
equations leaving two equations in terms of the two com- 
ponents of stator current. 

The two currents I, and Ig in the two remaining equa- 
tions can be expressed in the following form: 

A,1,+ B,IZ,_= C, 

Ayla +B I gs Ce 
The expressions for the coefficients represented by the 
constants A, B, and C in the above equations can be found 


at the end of this chapter. Then by determinants: 


” O, BL = C,B; 

A,B, ~ A,B, 
1, Bile 7 aS 
A 


f A,B, = A,B, 
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From equations (6) and (11), 


Z 
Ine Il + 5%) - 7 
= Zam 
Ive Bovit Bat Be, baie 
oh bi Zmia Ame 
When the motor is stationary, the term K reduces to zero 


and the currents become 


V 
Te = 
” Z 
Bg) 
I ee 
Zan 
V 
JA ad 
eee 2) + 2a 
1, aL ym 
e Zana 


The counter electromotive forces in the separate 
windings are: 
Ew=V - IZ 
Eg: V - 1,4(2,, + 2,) 
The rotor input, or the power transferred across the 
gap, is the sum: 
El, costh,, Lad + Eglycos(Ey; Iy) (25) 
The power converted to mechanical form: 
Power across gap by (25) - (I, + a® I, )x,= ST 
Net output = power converted to mechanical form 
- (F &W) 
The torque in synchronous watts, (T) is the sum: 


E 
aE,lysin(E,, Ty) - Ai, sin(E, ; cL 
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The stator input is the sum: 
V I,cos®,+V I,cos6, 
The stator losses: 
ae copper loss in the main winding 
le (14+ tia) =copper loss in auxiliary winding circuit 


& a 


E 
A” A 
—_ => iron losses 


rae Pe 
The rotor losses 
an =a copper loss in the x-axis 


a*Iyr,scopper loss in the y-axis 


Expressions for the constants A, B, and C. 
A,= K[3Zmq- Xaq(1* Zsyg/Zern)] 

Bt -[aZint (Zia +Zq)(1/a ¢ aZey/Zeya)] 
Cra MIRC) = Ba/Qa,) (1/e + aZ,,/Zaa) 
Dp ta rn Ee Zan 

Ba? K[-aXy,f (Zyat Z)(3/a - aXs,/Zna)| 


Caz V[C + 24/2 aq) # KC5/a - aX.,/Zna)} 


Bit 





CROSS FIELD THEORY SYMBOLS AND NOTATION 


Applied stator voltage 

The counter electromotive force in the main axis 
The counter electromotive force of the auxiliary 
or capacitor winding 

The impedance (local) of the main stator winding 
The impedance (local) of the auxiliary stator 
winding 

Capacitor impedance 

The magnetizing impedance in the M-axis 

The magnetizing impedance in the A-axis 

The rotor impedance in the main winding terms (local) 
rotor-circuit reactance in main winding terms 
rotor-circuit impedance in auxiliary winding terms 
rotor-circuit reactance in auxiliary winding terms 
stator current, main axis 

magnetizing current, main axis 

stator current, auxiliary axis 

magnetizing current, auxiliary axis 

stator component of the rotor current, main axis 
stator component of the rotor current, auxiliary 
axis 

rotor current in X-axis (main winding) 

rotor current in Y-axis (auxiliary winding) 

main winding magnetic flux 

auxiliary winding magnetic flux 
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Om, - rotor, main winding leakage flux 


Ga, - rotor, auxiliary winding leakage flux 


K - actual rpm 


synchronous rpm 


im _ effective auxiliary winding turns 


effective main winding turns 
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CHAPTER V 


THE CIRCLE DiIaGRam‘?° 


The main purpose of this chapter is to present an 


operating circle diagram for the capacitor motor, showing 


that the input current vector follows a circular envelope, 


as the mechanical shaft power is varied. 


The analyses which follow will begin with the funda- 


mental cross field expressions as developed by Puchstein 


and Lloyd which are as follows: 


M2 Gg, lyr Inlet ee) 


Bf, z 
Zme(ley -1,)4 2}52qa(la -ly) #8 Seas = item 0 


Zualla -Ly) - aK[iZaq(l -Ty) + LpXenl-2 Zenqly = 0 


(lla) 
(11b) 


(llc) 


(114) 


Expressions of total input current will be obtained 


from equations 11, and these expressions will be seen to be 


similar to the basic expression of the circle diagram equa- 


tion. 


The circle diagram equation is 


As Bs 
—+tia4s 
$ 


(12) 


The first step in this analysis is to solve the four 


basic equations 11 simultareously, thereby eliminating the 
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the two rotor currents ly and ly: This will lead to two 


expressions as follows: 





ae (Kee Ze a 2 
Re Pi eg tte os Sqm 
ve CAR’ me JEL Zna F IXag) 4 aly (28 2mm ye ae) 
Zz.) jane: a Zz Ze 
ee la A EY) pecs 
oe ae 2,7 Za ) = jaKI,,( Pe + jm) “Cie) 


In the foregoing expressions as well as in later devel- 
opments, it was found convenient to introduce a certain 
number of abbreviating terms. These are defined at the end 
of this chapter. 

With the necessary substitutions, the two voltage equa- 
tions 13 become 

V(@D + jKD') = jk1,2,ra1,2,, (14a) 

V(D - jaKD') = 1,2, - jaK1,2,, (14b) 

Solving these equations for I, and I, leads to the 
following: 


Ips VED Za = KD 24) + Jak oy] a 
Zale, = KZ a 
V{@ Z,, - K*D'Z)) - jakry | 
A2. =e a SS oo. (15b) 
Zyl ~ K°2,2,, 
The total current is equal to the sum of I, and Im. 
aye ‘ ' 

_ VIP aq + 2y) = ED" 2) 


I, eel 
Zee, — eke 


(16) 


BLOCKED ROTOR CURRENTS OF CAPACITOR MOTOR 


A special case of interest is that of blocked rotor. 
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The individual winding currents and the total current can 
be found by putting K 3 N/N = O and utilizing the iden- 
tities listed at the end of this chapter. 

Thus 15 and 16 become 





Img: age (17a) 
Ian? os (17b) 
x gre BG ant og) (17¢) 


Z,ln 
CAPACITOR MOTOR CURRENTS AT SYNCHRONOUS SPEED 
A capacitor motor cannot operate at synchronous speed 
unless it is driven mechanically by some suitable prime 
mover. However, the current drawn by the motor under such 
conditions can be obtained by putting K2=N+2*N,=1 in 
equations 15 and 16, thus 


v((D 2, - D2) + jar, ] 


Ius2 7 (18a) 
é é 
Vi@rz. = DZ.) = Jar 
A (18b) 
Ip Zp ~ 2q Zi 
y (> sezy me) eaniggze! sn y) 
‘is 2 |: -- - (18e) 


Lipp lpees Lynas 


OPEN-CIRCUIT CURRENTS 
A third special case of equation 15 and 16 is that for 


infinite speed, which corresponds to the equivalent infinite 
load impedance. 
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Thus for K «» infinity 





Ino? “ye (19a) 
ie ae (19b) 


=. © ’ 
107 -= 3 LN (19¢) 
CIRCLE DIAGRAM FOR SYNCHRONOUS SPEED, OR K #1 

The general equation for a circle diagram of a three 
phase induction motor can be shown to be equation 12 in 
which Z, represents the equivalent circuit load resistance 
which replaces the mechanical output of the motor. 


The subscript ‘s‘ is used in this section in order to 
distinguish the constants used here from similar values 
used later. 


Rearranging equation (12) gives, 


GoM Vv 


a= Seo (20) 
As A,B + AS Zs 





This form of the equation is valuable in that it in- 
dicates that the total input current is equal to the sum 
of two currents: a constant current and a variable current. 
Furthermore, equation (20) suggests an equivalent circuit 


of two parallel branches having impedances 


As 


& 
om and (bi, By deeds) 


as illustrated by the circuit of Figure 5A(a). 
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Let the constant current I,, of equation 20 repre- 
sent the motor current at synchronous speed, namely equa- 
tion 18," thus 


Seo vim (ne a.) - De. 4 B.)) 
As yee 


Lis: (21) 


Now, notice from Figure 5A(a) that the current through 
the equivalent load impedance Zs is 


Te s i. - Tis 


s 
This may be applied to the actual motor circuit by 
subtracting equation 21 from equation 16, thus 
& ¢ ’ t ‘ e ‘ 
v[D(z, + Z_)-Kb'(z,42/)] v[p(z,* Z,)-D (2442, )) 


Ro Gall v ! 
Zn2Zn ~ K*Z4Z,, Di oy ti 


Simplifying this expression with 
D'Zn - D Zn2To, 
and 
DZ, - DZ sar... 


results in 


les? e ¢ toe : e ey & (22) 
(Zp 2mq ~Zu2md2e 2 (2,2, - 222) 
(a 2 2.00 (Zi BO 2,0. )0 eq (1-K) 


Combining equations 21 and 22 results in an equation 
of the form of (20) which also complies with the equivalent 


circuit of Figure 5A(a), providedthat 
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CIA )T, 
from which 
am, 
Bin = Am’ 
= Tae 
? t é 
- D(Zg+Z) - D'(Z,+4,) 
ei ¢ z ’ 
Zetata L2y 
By letting 
R 
S52 a /b = equivalent load impedance 
1-K 


where 


as 2 absolute value of Z, 
1-K 


Equations 21 and 22 can be combined into a form 


similar to equation 12, thus 


a 


(23a) 


(23b) 


(23¢) 


(234) 


(23e) 


(23f) 


(23g) 


efe&s 
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‘in: oie 


cman! Wet unl eae ae + ue 
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- 


Le t+ ——_—_-—__ (24) 
3 Baig R 
Det ee 


The term (B,; + As) /®s may be expressed in the form 


rs 4 jx, from which the circle diameter is equal to 
jX5 
At synchronous speed, K will have a value of unity. 
The equivalent load impedance for such a value of K will 
be equal to infinity, as 2, R/(1-K*) and the circuit of 
Figure 5A(a) will degenerate to a single open circuit im- 


pedance of A,/C,. 


The application of equation 24 to a specific motor is 
given later and is shown in Figure 5B by points A and B. 
CIRCLE DIAGRAM FOR OPEN CIRCUIT CURRENT, OR K © INFINITY 


At infinite operating speed or Kz infinity, the in- 
put current was found by equation 19c to be: 
¢ ’ ' 
D (Z,%Z)V 
lie = Se (25) 
Zale : 
If this current is subtracted from the total motor 
current of equation 16, the remaining current is 
Vv 
a See ee (26) 
BD xP ng a RG 4)” 


(EA FP SZ. tin (Zen + croneree 


46 










Oe Fe lel «Gee 
WH lene es ow Pree zen gle naw a 
mh Ost ae Ane hae ian 
saa As 
TL Stier Sime ot BoD Ci 4 
Bhai 6 coun vf had ata Ete me 
FATE: © hay TS Che VE n 


oat mt ute! cd operant 
te kT eT ec teeet ef Reet? fe trea & 


Beatie... 


wi 
a tied Sl mie oe Tema shee 8) 








‘ei 


Putting K =+ infinity in equation 26 will result 


in a value of zero for the current Ie,, thus suggesting 


an open circuited load. The combination of equations 25 


and 26 represents a cantilever circuit as shown in 


Figure 5A(b). 


The constants of this circuit are from equations 26 


and 27, 


Cat D+ 
he ee 





A,B, = - eae, 
(ZZ. + a Sd) Te ns 
. K"(Z4an) 
feosio® (Eee st Pe: 
aA Aaa 
Tee 


AES ee eee 
92.2, + ae 


, ¢ we 
(22,4 a° ZZ! )K 








D(Zn * Za) 


ofa 5s 2 ine, 


De 
Ae Tan 


if Bse, ovens Zs) 


(27a) 


(27d) 


(27c) 


(274) 


(27e) 


(27f) 


(27g) 


(27h) 


x 
Now let the equivalent load impedance Z,= RK /®e, 


where Ret = absolute value of Z,. 
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Then equations 25 
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and 26 can be combined and arranged in the form of the 


circle diagram equation (see equation 12) as follows: 


CoV = a 
asia heyy ae ieee (28) 
Ag Beg 
Ajo? R,K* 


As already outlined, the term B,/A,/@» may be ex- 





panded into rectangular form ro+jx, from which the 


circle diameter becomes equal to 
% Bs 
Ae 
jx 
The application of equation 28 to a specific motor 
is outlined later and is shown by points C and D of figure 
5B. 
CIRCLE DIAGRAM FROM BLOCKED ROTOR CURRENTS, OR K = 0 
Another form of an equation which gives a circle dia- 
gram is equation 29, in which the first term represents the 
input current for the blocked-rotor condition of the motor. 
The entire equation represents a cantilever circuit as 
shown in Figure 5A(c). 
Equation 29 is of the form 


_ DsV V 
Be cape ae =? 
4B 
or 
I, = lune Rg (30a) 
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or 
leg? 1, edn (30b) 

The block-rotor current is given by equation 17c. 
This current should be subtracted from the total current of 


equation 16 as indicated by equation 30b. Thus: 





x V 
leg ‘ ‘ uz (31) 
malig, if (ZaZe) 
(Zilata 2, 2,)0,., K (2.0, + 0° Zar 
It will be noticed that equation (31) -has all the pro- 
perties of a circle diagram, as it is similar to the previous 


two circle diagram equations. Comparing this result with 


the general form of equation 29, it is apparent that 


Ds D(Zyt Z,,) 
eee 2 
Be Zalex (32a) 
2 & ae 
A,B. = ———1-441 1_____ (32b) 
(2.2% 2 gee) ee,, 
a 2 
a (32c) 
Tim = K™Z.C, 6a @eZ IT 
r 
Ye 2S? St =f (324) 
2 2 
® K (2,2, + a ZZ) ° 
_ Baier 
oP Ta = Ba (32e) 
2 ra (32f) 





p,- DiZat 2m) 


z 2 Dy (32g) 


am 
Now let equation 29 be changed to the form 
— 
o 


Vv 

DeV Be 

le ob = 
Ag 
8 


and finally, by putting 


G 
Ya> jis 





(33) 


Computations also have been carried out for the circle 
diagram as outlined above, and it is seen that all three 
methods give the same final diagram. This last method is 


illustrated by points E and F of Figure 5B. 
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EXAMPLE SOLUTION OF CIRCLE DIAGRAM FOR A CAPACITOR MOTOR 
The following data is taken from reference 7, page 617. 


General Data: A four pole, one-fourth horsepower, 60 cycle, 
110 volt, capacitor motor with core loss equal to 24 watts 


and friction and windage loss 13 watts is used, 


Main winding 
Zin = 2.02 + j2.79 = 3.45 /54.1° 
JRAR= [06.0 662 /90- (core loss neglected) 


Auxiliary winding 

Zia Tels foigeee = 7.03 fakes 

jX maz 92.9 = 92.9 /90° (core loss neglected) 
Tae = 9 on 72 


a aaa) te ae 1.39 
ae 5 


The core loss of 24 watts is taken into account by 
estimating the resistive element of the magnetizing imped- 
ances. It was shown by Puchstein and Lloyd that the main- 
winding magnetizing current is 1.51 amperes. If it is assumed 
that the core loss is divided equally between the two wind- 


ings, the exciting resistance may be estimated as 


Ran=(ya5) * 5-3 obs 
The corresponding resistance in the auxiliary winding 
is 
Raa 1-39 ° 5eQe 7247 
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Finally, 
@un- 5.3 #06.0 = 67 /85~ 
Zar 7-47 + j93 = 93.5 /85° 


Rotor circuit 
Zan= 40124 (2.82 = 4.02 Jemee5 


Zon=De fe + j2095 = 6243 727825 ° 


Computations for the abbreviating terms are included 
at the end of this paper. 

With the foregoing detail computations available the 
specific circle diagrams can be developed as follows: 


taking 
V 3110 /90° as the reference vector. 


SYNCHRONOUS SPEED. K = 1 


C.V e es 
T,, + Ca¥, 0.000353 / 1.5" 110/90" _ 3 5 jg? 
mAs 0.0256 /83.5° 92 £8 





fos. 110) /90/170,5. e 
A ONC00G95/ 187° ~ © gP® CG LI 32 7 


Bs/@s _ 204/17.9°/170.5° ° 
“A, 7 0.0256 783.5¢ = 91790 £69.1, 
= 3,120 # 8,200 


= 168,000 /93.5° 
8,200 790° 


= 20.5 13.5 


From the value of I,,~ and the diameter, it is possible 


Diameter of circle 
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to locate points A and B on the circle diagram of 
Figure 5B. 
OPEN CIRCUIT CURRENT. K = Infinity 





CoV 9.00589 /92.5° +110 /90° 
es oo ee Se eae eee A eee : a . 
7a. 0.0316 /27.4° ae 


= 18.6 + j8.65 


BM. . 11/00 Maes 110,000 /44.7° 





AS 0.001 /54.8° 
Be /Be _ 335 /48.5°/170.5- : 
Ae Soe ae ee ee 


2 =9,150 # j5,360 
Diameter of circle = 110,000 /44.7° 
5,360 /90* 
2 2005 7ilgaey © 


The values of I,, and diameter previously given now 
are used to locate points C and D of Figure 5B. The 
diameter as computed is seen to check with previous calcula- 
tions. 


BLOCKED ROTOR CURRENT. K = 0 


The equivalent circuit is that of Figure 5A(c). 
According to equations 32 the constants A,, B,, ©,, D,; 
and Zz, are equal to the constants A,, B,, C,, D., and 
Z. of the case outlined under "Open Circuit Current." 


Thus 
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Toe ~ 4am /B7 ee IOAN 43, ae 
‘oe ee "355/48.5° 309 7/51 
/e 110 /90°/170.5° | P 
Be = “j12,000 /o7" 0.000981 /16.5 
_ 43 /@, __ 0.0326 /27.4° /170.5° 
Bz 7 335 /48.5° 


= 0.0000944 /30.6 = 0©.0000811 + j0.000048 


0.000981 /16.5° 


Diameter of circle = 
0.000048 /90° 


= 12055 /7ae5- 


The values of I,g, and diameter just given now are used in 
locating points E and F of Figure 5B. 

Points B, D, and F of Figure 5B correspond to the 
following values of K: 


(a) Point B, see equation 24. 


Rs 
eee r = © 
ioe > 
or 
= R 7,080 
K = ll era 2 = ° 
ee Sag Toe 
(b) Point D, see equation 28. 
Rk pos 0 
or 
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(c) Point F, see equation 33. 
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K=7 B= 0 
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Ke Gs | -0.000141 _ 


: = ——=—— ow 


K = 1.32 
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GENERAL SUMMARY OF CIRCLE DIAGRAM 


Point A corresponds to synchronous speed operation. 
The unit can turn only at synchronous speed if driven 
mechanically. However, the stator magnetic field still 
must be supplied from the stator input current I,.. 

Proceeding around the circle in a clockwise manner, 
the motor speed is seen to decrease until blocked rotor 
is reached as indicated by point E, where K = 0, or 
slip = 1. Thus the motor region of the circle is limited 
to the arc AE. 

From point E to point C, the rotor is indicated as 
operating in a direction reverse to that for straight motor 
action (are AE). This action can take place only by the 
driving force of an external prime mover or a mechanical 
load which has become a prime mover. Since the stator 
still is drawing power from the a-c supply circuit, it 
appears that the motor now is acting as an energy-absorp- 
tion device. At point C the speed is infinity in the 
reverse direction to normal motor action. 

Returning to point A and proceeding counterclockwise 
around the circle, we notice that K becomes steadily 
greater than unity, indicating operation above synchronous 
speed, the rotor turning in the same direction as that for 
regular motor action. Infinite speed again is obtained 
at point C, approached in a counterclockwise fashion. 


This lower region of the circle corresponds to generator 
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action. 

To obtain the operating characteristics from Figure 
5B, it is first necessary to draw a sufficiently large 
number of lines from the circle and perpendicular to the 
diameter AB, such as ad or EP. The motor section of 
Figure 5B is shown in more detail in Figure 5D. The 
circle envelope of the vector Ies applies to a simple 
equivalent series circuit with applied voltage equal to 
Ve = (V = A%)/Ms and impedance (Bs + A,)s#(R, +)1-K) 
(see equation 24) and illustrated by the circuit sketch 
of Figure 5D. From equation 24 and the data previously 


worked out 


168/93.5° 


7.08 
3.12 tan age ~ j8.2 


les = 


Power is absorbed by the two resistances of this cir- 
cuit, namely, R,={3.12 ohms, and Rye= 7.08 + (1-K*) ohms, 
the total power being proportional to the inphase compon- 
ent of current as illustrated by the lines (ad). 

For zero speed or K = 0, the two resistances are 
R,2 3.12 ohms and R,=7.08 ohms or a total of 10.2 ohms. 
Thus at K = 0, the total absorbed power is proportional to 
the length of PE 10.05 amperes. 

The point M can be obtained in two ways. From pre- 
vious analysis it was shown that line AC represents the 
value of Ie, for K = infinity, under which condition the 
resistance R2,.=0. The intersection of line AC and line 


PE (Figures 5B and 5C) thus determines the point M. Point 
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M also may be obtained by making the ratio EM equal to 


the ratio 7.08/3.12. Thus it follows that 
EM =6.95 amperes, while MP = 3.07 amperes. 

For any operating point d, the circvit resistance can 
be expressed as R,+R,+R,, where R,* R, = 3.12 +7.08 
=10.2 ohms from which R,=7.08 K + (1-K*) or 
= hes (Ro+ 7.08). The power absorbed by these three 
resistances (R,, R,, and R,) will be proportional to the 
lengths cd, ab, and be of Figure 5D, from which it follows 
that: 


a_ cd _ / ea 
K's bd or K= bd 


From Figure 5D it is possible to obtain certain 
operating characteristics as follows: 

Gross output =V (cd) watts 

Equivalent rotor copper loss = V (be) watts 

Rotor input =V (bd) watts 

Stator inputs V (de) watts 

(de is taken parallel to vector V) 

Ratio of operating to synchronous speed 


= ice 
R= Vya 


Input current = Od Amperes 


de 


Power Factor in per unit = 6a 


The net power output and net efficiency may be approx- 


imated by introducing line A‘E Figure 5B where A’ repre- 
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sents the no load operating current on the circle. The 
line A E may be drawn as a straight line without intro- 
ducing appreciable error. 

Then from Figure 5B: 

Net power output = V (c’d) watts 


Net efficiency in per unit = So 
e 


The Resultant Motor characteristics are shown in 
Figure 5C. All were determined from the circle diagram 
of Figure 5D with the exception of torque, stator copper 


loss, and core loss. 


Conclusions 

The mathematical material of this paper may appear to 
be somewhat formidable. However, the circle diagram 
(Figures 5B and 5D) can be obtained from a combination 
of test and computed data as follows: 

(a) Point A corresponds practically to no load 
operation. 

(b) Point E can be obtained from a blocked rotor 
test. 

(c) Point C must be computed according to equations 
19. For general work it is possible to take D’= 1 with 
the simplification of 2,7 Zjq% j%eq and Z_ = 2 + IXaa- 

(d) Points A, E, and C are sufficient to determine 
the circle. Other details then are carried out as in- 


dicated in Figure 5D. 
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A few identities and certain other simplifications 
which are used in the chapter on the circle diagram are 


tabulated as follows: 


Zsm= Zant 2, Zam Zr t Zorg 
Zsa = ZuptZ, Zpy= Zeyh Zor 
Z3mq = Zong + JX2q> = Zom- Tang 
Eee lps + in = lik - Bala 


a2 4 2 a <a 
Zsa22 Lym, Zea 2 25m) Zagg? 2 Zam 
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p 9284, oa, wp! 2 Bom 
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The solution follows the definitions as outlined above, 
the results of which are substituted in equations 24, 28, 
and 33. 
ZsF Zant Zags 503 # 366.8 £4.12 # §2.12 
29.42 # j68.92 = 69.7/82° 
Zt Zogpt JXon = 53 # 566.8 & j2.12 = 5.3 4 568.92 
= 69.0/85.5° 
Z5,2 tee Lon T1047 +593 + 5-74 # j2.95 
513.21 4 395.95 = 97/82° 


7-47 # §93 # j2.95 : 
7.47 # 595.95 = 96.0/85.5 


Zgq* ZF IXz4 


Zon -f 2s, WOGe7/C2. “97/82 | a 
p= ot = = 2s = 1 04/ 
Sue "Sima, 67.1/85° 935/85" 7 
1. 2 WE, EDR 5° 96.0/85.5 ° ° 
a eee, = 1.03/9.5 
Zana 67.1/85° 93.5/85° 





Zon? DZ, + Z,5 1.04/3° > 3.45/54.1% » 4.12 ¥ j21.12 
Zuy= 6.38 # §4.88 = 8.04/37.5° 

ZyaD ZraF jms, 1-034025" - 9645/5aun" | 42.12 

Zen 2208 # 54.99 = 5.4/66.5° 

Za=DZ,,# Za,=1.04/3% * 169/84.5° 4% 5.74 F j2.95 
Bale llieae = 3172.05 = 172.1 /8o0r- 

Z,=16.7 = j170.75 = 171/84.4° 


Additional terms required are as follows: 
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ZqZ, = 17201//86.1° * 17i/eeae - 29,400/170.5° 
= - 29,000- 34,850 


a’ Z,Z,,2 1.39 + 8.04/37.5. * 5.4/66.5° = 60.3/104° 
= -14.45 # 558.5 


20+ @i22, - -— 29,014- 4,792 = 29)200/170.5° 


W,2,, 2 U721 786.1" ~* 80473725 - 
=1,380/48.5° = 915 - 41,032 
Zn Z,, 2 171/84.4" * 5.4/66.5° = 923/17.9° = 876 ~ 5285 
Z,% Zy= 11.83 - 172005 4% 6.38 + 54.88 
= 18.21 - j167.17 = 168/83.7° 


ZatZ,,= 16.7 = J170.75 # 2.08 # 54.99 
Salow7o= jaoo.70 = 16770065 = 


D(Z, # Z,) = 1.04/3* * 168/83.7%= 174/86.7° 
> 8.9 - j173.5 


D(Z, + Z,,) = 1.03/0.5" * 167/63.5° = 172/83 
= Gee ital’ 


D(Z¢Z,) -D'(Z.4#2,) > - 10.24-51.7 = 10.3/169¢ 


Z,%, ~Z, Ziq = 915 ~ §1,032 -876 + 5285 = 39-3747 = 747/87° 
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CHAPTER VI 


THE EQUIVALENT crRcurT‘3) 


The equivalent circuit of Figure 6A and the corre- 
sponding torque equation 1 are derived from the fundament- 
al equations of the cross-field theory. It is as exact 
and general as the cross-field theory itself. The theory 
does not take into account the existance of two separate 
skin effects in rotor conductors or the effect of space 
harmonics. When these effects are considerable, the cross- 
field theory and, therefore, the equivalent circuit would 
not hold good. In general, if there are two or more coils 
per phase per pole, and if the frequency is not high enough 
to give unusual skin effects, the equivalent circuit can 
be expected to give accurate results. 

Figure 6A is the equivalent circuit of a capacitor 
motor with both the capacitor phase and main phase con- 
nected to the same power source. However, in setting up 
an equivalent circuit in which current from both phases 
must feed into the rotor circuit, represented by one set 
of constants, such rotor currents must be represented as 
in phase with each other on the circuit to correspond to 
the actual motor condition of being in time quadrature. 
This can be done by using the j-operator on the capacitor 
winding applied voltage, even though it must be kept in 
mind that the two windings actually are connected to the 


same source. Because motor performance can be identified 
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by volts per turn, the correct effect of the capacitor 
winding (with different number of turns) requires that 
the capacitor winding be divided by the ratio ta'. Hence 
the actual applied voltage on the capacitor winding is 
multiplied by -j/a because of these considerations. 

For any capacitor motor it is only necessary to 
solve the circuit of Figure 6A for Ix, Iy, Ig, Im from 
which the torque, line current, efficiency, power factor, 
and so forth are calculated readily. 

The iron loss is represented by the real components 
of Y,, and Ys . Because the iron losses are proportional 
to the square of the air-gap voltages Em and E, for a good 
range of voltage, this can be expected to hold for the 
entire performance range, that is, 0.7< K <l. 

The friction and windage losses should be deducted 


from the generated torque. 





T= RI*y a 1 1/Coa, ; I,) synchronous watts (1) 


The torque equation (1) consists of two terms. The 
first term is the power absorbed by the virtual resistance 
R. It represents the major part of running torque but 
vanishes as R vanishes at zero speed. The second term 
represents exclusively the starting torque. Its effect 
on the running torque usually amounts to only a few per-_ 
cent for an adequately designed motor. An examination of 


this second term shows: 
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1.) When the angle between I, and Iy is small, the 
second term is positive, and the generated torque in 
synchronous watts is higher than the energy absorbed by the 
virtual resistance R. Better efficiency would be realized 
under this condition. 

2.) When the angle between oe and Jy is larger than 
90 degrees, the second term is negative. The total current 
I is reduced also. The torque would be small, and the 
efficiency would be poor. 

Physically, a small angle between es and ly means 
that the capacitor phase and the main phase are matched so 
that they supply the virtual load R jointiy. If a flow of 
energy exists either from the capacitor phase to the main 
phase or vice versa, the angle between Iy and Ty would be 
larger than 90 degrees, and the efficiency would be poor. 

A relationship between the motor constants which 
guarantees satisfactory operation in this light will emerge 
from later developments. 

The circuit of Figure 6A can be solved readily by 
taking the voltage and currents at the virtual resistor 
Ras a starting point. Either looking into the right or 
left from this virtual resistor, we see a T-circuvit con- 
nected to a power source. Let the voltage across R be 
called E. The voltage E,, across the magnetizing branch Y,, 


is then 


(2) 
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The current in the magnetizing branch is Im-ly and this 
current should be equal to E,tme Therefore, 

oe ly # Eyxm (3) 
The terminal voltage V is equal to E,, plus the voltage 
drop across the impedance Z,,,. 
ln Se wes (4) 


substituting equation 2 in equation 3 


Im2Iy(l # Y,2.) + EY» (5) 
substituting equation 5 in equation 4 
Vs BG 2) + ly (2, + 25422,. Y2,) (6) 
Eliminating ly between equation 5 and equation 6 
Vl 4 ¥,2,) - 142, +2;72:,%,2,) = E (7) 


Equations 6 and 7 can be written 


Lyla Yag¥ - Yar 


ae (8) 
= Jee = Yoo 
dn ten ~~ LenB (9) 
where 
Me —— (10) 
ST FOL ge We 
Megs (1 #27 Yi (11) 
ore (12) 
Tem? Yenl (14) 


The same procedure can be applied to the circuit to 


the left of R and results in 
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~“_-— —"e¢ > 1, oer 


¢ 
I, 3 Tos > Y FE (15) 


ee (16) 
where 
Yes? Teale wary, (17) 
Tog <ul + Ze a Tees (18) 
AT Boe 2 (19) 
Tes = Yu, (-JjV/a) (20) 
Tes: Ye,(-jV/a) (21) 
adding equations 15 and 16 
f=, ei 
> (Ig#1,,) - E(Y,,* ¥,_) (22) 
I ai 
where 
Tet Igf tom (23) 
£eyY Pe (23a) 
From equations 9 and 16 
oe te m (Tem #4285) - (Key, # 75 °2B (24) 


substituting the relation E=I R in equation 22 results 


in 
~ Dee RY. 


For a given motor at a given speed I, and Y. can be 


Hi (25) 


calculated by going through equations 10-14, 17-21 and 
equations 23 and 23a. From equation 25 can get I andE . 
From equations 8, 9, 15, and 16, ly, I,, I,, I~ can be 


calculated. The generated torque is calculated from 
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equation 1. The efficiency and power factor are evaluated 
from Jy, I, and the torque, but By. is dependent on K throvgh 
the term r,/(1+K). That means that all the Y's are de-~ 
pendent on K, and it is therefore necessary to recalculate 
for every point on the performance curve if an exact result 
is required. However, sufficiently accurate results can 
be obtained by using 

Zz 0.55r, + jx, (26) 

As K varies from 0.7 to 1, r,/(1¥K) varies from 
0.59r, to 0.50r,. The approximate equation 26 introduces 
an error of at most 0.05r, to Z. Its effect on the 
currents and torque are well below one percent. 

With the introduction of the approximate equation 
26, it is only necessary to calculate equations 10-14 and 
17-21 once for a motor. After that, calculation of per- 
formance is no more complicated than for a balanced poly- 
phase motor. 

The torque expression corresponding to equation 26 
is 

Tale Lr, 1 LcesG, 1) (27) 
THE MAXIMUM TORQUE 

Using the circuit of Figure 64 and the torque ex- 
pression of equation 1 in trying to derive an exact 
expression for maximum torque leads to complicated caicula- 
tions with third order equations. But such a procedure is 


hardly justifiable because some unaccountable factors may 
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introduce an error far larger than an approximation of 
Figure 6A and equation 1 introduce. These factors are: 
1. The two separate skin effects of the rotor. 
2. The variation of stator and rotor resistances 
as a result of temperature variations. 
3. The effect of space harmonics. 
4. The variations of stator and rotor. This varia- 


tion is especially appreciable under successive starting. 


The combined effects of these factors introduce an 
error which may well amount to a few percent. 

In general, at speed of maximum torque, the major 
portion of rotor current is supplied from the main wind- 
ing. It can be assumed without much error that 

1. The capacitor phase supplies the cross-field 
magnetizing current and the portion of energy that over- 
comes friction and windage losses as well as iron losses, 
while the main phase alone supplies the power that con- 
verts into a measureable torque. With this assumption, 
the equivalent circuit becomes that of Figure 6C. 

2. The maximum torque occurs at the speed of maximum 


rotor input. 


From Figure 6C it is clear that not all the rotor 


input converts into torque expressed in synchronous watts. 





Rotor input = Iy, (R + ) (28) 


Te 
Lek 
Synchronous watts = Ty R (29) 
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Dividing equation 29 by equation 28 





Kr 
Synchronous watts . R = 1-K* = 
Rotor input . Te Kre f (30) 


= ——-+ 
ae Fe T-—K" 17K 


Equation 30 is useful in establishing a relation 
between the maximum torque of a capacitor motor and that 
of its corresponding polyphase motor. The methods of 
calculating the latter is well developed. Let T,,,,, be 
the maximum torque of a straight 2 phase motor with each 
of its windings exactly the same as the winding of the 


capacitor motor. Then IT, is equal to the maximum rotor 


aay 
input of this 2 phase motor or two times the maximum rotor 


input of the capacitor motor. From equation 30 


Tymay = samen (31) 


Equation 31 has been verified for a number of cases. 
The agreement between the measured and calculated values 
turned out to be always within ten percent. 

The starting torque of a capacitor motor is obtained 
readily by substituting K=0 into equation l. 


Starting torque = 2r,I,,1,,cos(Iy,, Iy,) where 


¢ 


Ty,» ly, are values of iba Ty at K=0. 
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NOMENCLATURE FOR EQUIVALENT CIRCUIT 


applied volts (Used as reference vector) 


counter emf in the main axis 


Vein FIX cine 
local impedance of the main stator winding 


Pe 

rotor impedance in main winding terms 

counter emf of the starting winding 

Tes + JXes 

local impedance of the stator starting winding 
T, = Ke 

capacitor impedance 

stator current, main axis 

stator current, starting axis 

stator component of the rotor current, main axis 
stator component of the rotor current, starting axis 
magnetizing impedance in the S-axis 

magnetizing impedance in the M-axis 


magnetizing admittance of main winding = 1/Z,, 


magnetizing admittance of capacitor winding = 1/2. 


effective starting winding turns 
effective main winding turns 


__actual revolutions per minute 


synchronous revolutions per minute 


r, /(1#K) & ike 
(Its approximate expression 0.55r, # jx,) 


77 






_ 
yer PemD Toe HY ce 







= 
=> 


- 














Lorton pati ora! ro “a 
Cras edie we - ae 
ee eee et 





. : atts . 2G 
error qalindly athe ak someengey iirr 5 

ethos illtelé atl es ted arenes ” 

Pele wah 

abe edu! mics A Oy Comtng Fears" 

Rteges 

ee 

chy Cha , Jens Wee © 

ekee prifce » Somerraes eel a | ght 

Akew Lew ps tievaee ciery ti? We vee ale F ak 

WE eee ple tet et Ve Ateren! wolee > gE 

et ow i re Seis oe 

atrd~e Wa ict cat Geto - ee 

oe S\C = qihtenty Lay Xk GrUAes ge lat ee « 0 

= WAP be tet he pe cee then® geistiemre 7 


aie oe wee 
a 


A Sh 
Ce Gs eters heey et) = 








Vv 


R <= 


Lom > 
lem = 


los = 


hy 


les 


Os = 


Se BS Sw WY HY 
aa 


WH eI 
x aS 
uv 


3 
at 


Dm 


Oy 
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virtual load resistance 
Kr, 

1 - K* 

short-circuit current at R from main phase alone 

values of I,, when R is short-circuited 

short-circuit current at R from capacitor phase alone 

values of I, when R is short-circuited 

short-circuit current at Re=lTegP1,w 

current through virtual load R 

back electromotive force across R 

main phase open-circuit voltage, defined as I../Y.o., 

capacitor phase open-circuit voltage, defined as 
eA / VR: 

capacitor winding current in main winding terms with 
90 degrees backward phase shift= -jaI, 

capacitor axis rotor current in main terms with 90 
degrees backward phase shift = -jal, 

d-c component of the generated torque 

maximum d-c torque of the capacitor motor 

maximum torque of the 2-phase motor, the windings of 
which are identical with the main winding of the 
capacitor motor 


friction and windage 
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